Abstract. The aims of the present study were to investigate the effects of esculetin on the proliferation of human hepatocellular carcinoma SMMC-7721 cells and to determine the underlying mechanism behind this activity. An MTT assay was used to assess cell proliferation, reverse transcription-quantitative polymerase chain reaction was used to determine the relative mRNA expression levels of β-catenin, c-Myc and cyclin D1, and western blot analysis was utilized to determine the levels of the associated proteins. Compared with the dimethyl sulfoxide control, esculetin reduced the cell viability of SMMC-7721 and HL-7702 cells in a dose-and time-dependent manner. Treatment of SMMC-7721 cells with esculetin resulted in downregulation of the mRNA and protein levels of β-catenin, c-Myc and cyclin D1. Esculetin increased the phosphorylation of β-catenin at Ser33/Ser37/Thr41 and inhibited the proliferation of human hepatoma SMMC-7721 cells by suppressing the Wnt signaling pathway. The results of the present study suggest that esculetin inhibited the Wnt/β-catenin signaling pathway in SMMC-7721 cells and may have potential as an effective anti-cancer drug, acting to inhibit the Wnt/β-catenin signaling pathway.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors, with a mortality rate of ~1 million people per year worldwide (1) (2) (3) (4) . However, the precise molecular mechanism of HCC tumorigenesis remains largely unknown.
Potentially curative therapies include surgical resection, transplantation and percutaneous ablation, but are not suitable for all patients. Surgery is effective for early-stage HCC and the postoperative recurrence rate is low; however, in a large number of patients, HCC is identified at an advanced disease stage, and thus are not suitable for surgical intervention. Chemotherapy is an alternative option for these patients, but development of resistance limits the success of these approaches (5) . Thus, the development of potent and effective therapeutic modalities for the treatment of HCC, particularly late-stage HCC, is urgently required.
It has been well established that the aberrant activation of signaling pathways controlling normal cellular proliferation (including epidermal growth factor and RAS/mitogen-activated protein kinase pathways), survival (including the AKT/mechanistic target of rapamycin pathway), differentiation (including the Wnt and hedgehog pathways) and angiogenesis (including the vascular endothelial growth factor and platelet-derived growth factor pathways) are heterogeneously dysregulated in the majority of solid tumors (6) . The dependence of cancer cells on gain-of-function mutations to oncogenes and loss-of-function mutations to tumor suppressor genes has led to the development of successful targeted molecular therapies. In 2008, sorafenib, a small molecule inhibitor of multiple tyrosine kinases, was approved for the clinical treatment of several cancer types. Sorafenib significantly prolongs median overall survival, resulting in a 44% improvement in the survival of HCC patients compared with placebo (7). Targeted molecular therapy is an emerging field for the treatment of various types of cancer, with numerous agents targeting different cancer-associated signaling molecules currently undergoing preclinical and clinical trials.
The Wnt signaling pathway has been investigated intensively due to its pivotal role in regulating the expression of numerous genes that are critical for cell proliferation and differentiation. The Wnt signaling pathway is perturbed in a number of diseases, including cancer, and diseases of the bone and cardiovascular system (8) . The Wnt pathway is upregulated in >30% of HCCs (9,10), suggesting that targeting Wnt signaling is a promising strategy for the treatment of HCC. (11) . Esculetin has been reported to suppress oxidative damage to cellular DNA induced by lipid hydroperoxide (12) . Notably, esculetin has been demonstrated to suppress the proliferation of human colon cancer cells by directly targeting β-catenin (13) . Kim et al (14) reported that esculetin induced the death of human colon cancer cells via the reactive oxygen species-mediated mitochondrial apoptosis pathway. In addition, Wang et al (15) reported that esculetin induces apoptosis in HCC cells by initiating a mitochondrial-dependent apoptosis pathway. However, whether esculetin inhibits the growth and proliferation of HCC via the Wnt signaling pathway remains to be determined.
Suppression of the
In the present study, the effects of esculetin on the growth and proliferation of human HCC SMMC-7721 cells were investigated and the activity of the Wnt signaling pathway was assessed following esculetin treatment.
Materials and methods
Chemicals and reagents. RPMI-1640, fetal bovine serum, and trypsin were purchased from Hyclone (GE Healthcare, Logan, UT, USA). Penicillin, streptomycin, and trypsin were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham MA, USA). Sodium dodecylsulfate, Ponceau S, dithiothreitol, phenylmethylsulfonyl fluoride and bovine serum albumin were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The polymerase chain reaction (PCR) kit and the SYBR-Green Quantitative RT-PCR kit were purchased from Takara Biotechnology Co., Ltd. (Dalian, China). Anti-β-catenin (cat. no. 8480; dilution 1:1,000), anti-cyclin D1 (cat. no. AB20509a; dilution 1:1,000), anti-c-Myc (cat. no. BS2462; dilution 1:1,000), anti-β-actin (cat. no. bs-0061R; dilution 1:1,000), anti-phospho-β-catenin (Ser33/Ser37/Thr41) (cat. no. 9561; dilution 1:1,000) and horseradish peroxidase-conjugated goat anti-rabbit (cat. The cells were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin at 37˚C in a 5% CO 2 incubator. Cells were treated with vehicle (0.5% DMSO) alone, or 50, 100, 200, 300, 400 or 500 µmol/l esculetin for 24, 48 and 72 h.
Cell viability assay. Cell viability was determined using an MTT assay. SMMC-7721 cells and HL-7702 cells were seeded at a density of 1x10 5 cells/well in 96-well plates. After incubation for ~24 h at 37˚C in a 5% CO 2 incubator, the cells were treated with the aforementioned concentrations of esculetin. The MTT assay was performed after 24, 48 and 72 h of treatment. The culture medium was discarded, 30 µl 0.5% (w/v) MTT dissolved in 1X PBS was added to each well and the plate was incubated for 3 h at 37˚C. After incubation for 3 h, the culture medium was discarded and 120 µl DMSO was added into each well. Following incubation for 30 min and slow shaking for 15 min at 37˚C, the absorbance at 490 nm was measured with a microplate reader. The experiment was repeated in triplicate. Cell viability was expressed as a percentage of proliferation against the control (untreated cells), which was set at 100%.
Total RNA isolation and reverse transcription-quantitative PCR (RT-qPCR) analysis. SMMC-7721 cells were cultured in 6-well plates. Following treatment with 100 or 300 µmol/l esculetin or DMSO for 24, 48 and 72 h, the total RNA was extracted using TRIzol (Gibco; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. The RNA concentration was determined using a Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), and the integrity of RNA was visualized on a 1% agarose gel using a gel documentation system (Universal Hood II; Bio-Rad Laboratories, Inc., Hercules, CA, USA). qPCR was performed in a 20-µl reaction mixture using SYBR-Green Quantitative RT-PCR kit and one-step PCR.
The sequences of the primers were designed using Primer Premier 5.0 (Premier Biosoft, Palo Alto, CA, USA) and are in Table I . The PCR procedure was as follows: Pre-denaturation at 95˚C for 30 sec, denaturation at 95˚C for 5 sec, annealing at 60˚C for 30 sec, and extension at 72˚C for 15 sec. The PCR was performed for 40 cycles, followed by a final extension at 72˚C for 10 min. The threshold cycle (C q ) correlates inversely with the target mRNA level, and the relative quantitation of the relative gene expression levels was calculated using the 2 -ΔΔCq method (16) .
Western blot analysis. Total protein was extracted from cells using radioimmunoprecipitation assay lysis buffer containing 1% protease inhibitor cocktail (Roche Applied Science, Penzberg, Germany). Equal amounts of protein extracts (50 µg) were separated using 10% SDS-PAGE and subsequently transferred onto a polyvinylidene difluoride membrane. Membranes were blocked with 5% (w/v) skimmed milk dissolved in Tris-buffered saline plus Tween-20 [TBS-T; 0.1% Tween-20; (pH 8.
3)] at room temperature for 1 h. The membranes were then incubated overnight at 4˚C with primary antibodies (all 1:1,000 dilution). Following washing with Tween-20 [TBS-T; 0.1% Tween-20 (pH 8.3)], the membranes were incubated with horseradish peroxidase-labeled secondary antibodies for 60 min at room temperature. The immunoreactive bands were visualized using an enhanced chemiluminescence kit (GE Healthcare Life Sciences). β-actin was used as a loading control.
Statistical analysis. GraphPad Prism 5.02 (GraphPad Software, Inc., La Jolla, CA, USA) and Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) were used for statistical analysis. Statistical analysis of data for multiple groups was performed using one-way analysis of variance and Dunnett's test. All experiments were performed at least three times. P<0.05 was considered to indicate a statistically significant difference.
Results

Esculetin dose-and time-dependently inhibits the proliferation of SMMC-7721 and HL-7702 cells.
To test the cytotoxicity of esculetin, SMMC-7721 cells and normal liver HL-7702 cells were treated with different concentrations of esculetin (50, 100, 200, 300, 400 or 500 µmol/l) for 24, 48 and 72 h, and the cell viability was assessed using an MTT assay. Compared with the 0.5% DMSO control, esculetin inhibited the proliferation of SMMC-7721 and HL-7702 cells in a doseand time-dependent manner (Fig. 1) . A pre-experiment was carried out to define the experiment density of DMSO, and it was found that 0.5% DMSO has no effect on SMMC-7721 or HL-7702 cells.
Esculetin dose-and time-dependently damages the cell morphological structure of SMMC-7721 and HL-7702 cells.
To assess whether esculetin damages the cell morphological structure, SMMC-7721 cells were treated with 100 or 300 µmol/l esculetin for 72 h and the cell morphology was assessed under a microscope. Compared with the blank and DMSO-treated control cells, SMMC-7721 cells treated with esculetin exhibited reduced adherence to the bottom of the bottle and poor refraction (as indicated by the arrows in Fig. 2 ). The degree of change was more evident at the higher esculetin concentration (300 µmol/l). Together, these results demonstrate that esculetin inhibited the proliferation of SMMC-7721 cells in a dose-dependent manner.
Esculetin downregulates the mRNA and protein levels of β-catenin, c-Myc and cyclin D1.
In order to assess whether esculetin affects the activity of the Wnt/β-catenin signaling pathway, SMMC-7721 cells were treated with different concentrations of esculetin (100 or 300 µmol/l) for 24, 48 and 72 h. The mRNA and protein levels of β-catenin and its downstream targets c-Myc and cyclin D1 were measured using RT-qPCR and immunoblotting. Esculetin at either 100 or 300 µmol/l, for 48 and 72 h, significantly reduced the mRNA level of β-catenin, with a stronger effect at 300 µmol/l (P<0.05; Fig. 3A) . Furthermore, treatment of cells with 300 µmol/l esculetin for 24 h resulted in a significant reduction in the mRNA levels of c-Myc (P<0.05; Fig. 3B ) and cyclin D1 (P<0.05; Fig. 3C ), which were further enhanced following treatment for 48 and 72 h. Treatment of cells with 100 µmol/l esculetin for 48 and 72 h also resulted in a significant reduction in the level of c-Myc (P<0.05; Fig. 3B ) and cyclin D1 (P<0.05; Fig. 3C ) mRNA, with a stronger reduction following treatment for 72 h. Similar to the alteration of mRNA levels, esculetin downregulated the protein levels of β-catenin and its downstream targets, c-Myc and cyclin D1, in a dose-dependent manner (Fig. 3D) . These results indicate that esculetin inhibited the Wnt/β-catenin signaling pathway in SMMC-7721 cells.
Esculetin induces the phosphorylation of β-catenin.
In order to investigate the mechanism by which esculetin inhibits the Wnt signaling pathway, SMMC-7721 cells were treated with 100 or 300 µmol/l esculetin for 24 h and the phosphorylation level of β-catenin was determined by immunoblotting. The results revealed that the total β-catenin protein level was not evidently decreased following 100 or 300 µmol/l esculetin treatment for 24 h. However, the phospho-β-catenin level (Ser33/Ser37/Thr41) was evidently increased following 100 or 300 µmol/l esculetin treatment for 24 h (Fig. 4) . Since it has been established that phosphorylation of β-catenin (Ser33/Ser37/Thr41) leads to degradation of the cytoplasmic β-catenin (17) , β-catenin cannot accumulate in the nucleus and will not activate the transcription of downstream target genes of the Wnt/β-catenin signaling pathways so will not promote cancer cell growth, proliferation and metastasis (18) . These results suggest that esculetin promotes the phosphorylation of β-catenin, thereby leading to suppression of Wnt/β-catenin signaling in SMMC-7721 cells.
Discussion
In the present study, esculetin was demonstrated to inhibit the proliferation of SMMC-7721 and HL-7702 cells in a dose-and time-dependent manner. Furthermore, treatment of SMMC-7721 cells with esculetin resulted in cell shrinkage, membrane blebbing and vacuolization in the cytoplasm. Esculetin downregulated the mRNA and protein expression levels of β-catenin, and its downstream targets c-Myc and cyclin D1. Notably, treatment of SMMC-7721 cells with esculetin resulted in the phosphorylation of β-catenin. The present results suggest that esculetin inhibits the viability of SMMC-7721 by enhancing the phosphorylation of β-catenin (Ser33/Ser37/Thr41) to inhibit Wnt signaling pathway.
The Wnt signaling pathway serves a key role in normal embryonic development and the central nervous system; in addition, it regulates cell growth, migration and differentiation. Evidence suggests that the Wnt signaling pathway is frequently dysregulated in the majority of cancer types (19) ; therefore, blocking the Wnt signaling pathway is a promising strategy for cancer treatment. β-catenin is a key component of the Wnt signaling pathway; cytoplasmic β-catenin is normally maintained at a low level by proteasomal degradation. The binding of Wnt proteins to Frizzled receptors results in the accumulation of unphosphorylated β-catenin, which translocates into the nucleus and activates the expression of Wnt target genes, including c-Myc and cyclin D1 (19) (20) (21) . c-Myc is the most commonly overexpressed oncogene in human cancer and is mutated in ~20% of human cancers (22) . Cyclin D1 is a key regulator of the G1 to S phase transition in the normal cell cycle, and the excess expression of cyclin D1 is observed in numerous types of human cancer, including those of the lymphatic system, breast, esophagus, lung and bladder (23-27).
c-Myc and cyclin D1 are target genes of the Wnt signaling pathway and contribute to regulation of cell cycle progression by Wnt signaling. In the present study, esculetin reduced the mRNA and protein levels of c-Myc and cyclin D1, suggesting that one of the mechanisms by which esculetin inhibits the proliferation of SMMC-7721 cells is through suppression of c-Myc and cyclin D1 expression.
Unphosphorylated β-catenin avoids proteasomal degradation and subsequently translocates into the nucleus. A high concentration of nuclear β-catenin is associated with a poor prognosis in certain cancer types. It has been reported that cytoplasmic β-catenin can be degraded though phosphorylation at Ser33, Ser37, and Thr41 (28) . Accumulating evidence indicates that numerous natural products can inhibit the activity of Wnt signaling. Haraguchi et al (29) reported that Ajuba can effectively reduce β-catenin expression in human cervical cancer cells by inducing the phosphorylation of β-catenin via glycogen synthase kinase (GSK)-3β. In addition, Feng et al (30) reported that sulindac reduced the phosphorylation level of GSK-3β, thereby increasing the phosphorylation levels of β-catenin. To confirm that the increased phosphorylation levels of β-catenin (at Ser33/Ser37/Thr41) were not due to alteration of total β-catenin levels, total β-catenin levels following treatment with esculetin for 24 h was observed. Results showed that treatment of cells with esculetin for 24 h did not alter the amount of β-catenin protein, but markedly increased the phosphorylation of β-catenin (at Ser33/Ser37/Thr41) in a concentration-dependent manner. As a result, we hypothesized that esculetin enhanced the phosphorylation of β-catenin (at Ser33/Ser37/Thr41), thereby leading to its degradation. Subsequantly, we hypothesized that esculetin inhibits transcriptional activity of β-catenin by inducing β-catenin degradation. Although the mechanism by which the phosphorylation of β-catenin is induced by esculetin remains to be determined, the findings of the present study suggest that inhibition of Wnt signaling is an important mechanism for natural products to prevent tumorigenesis and inhibit the proliferation of cancer cells.
In conclusion, the present study found that esculetin inhibited the Wnt signaling pathway in SMMC-7721 cells, which was accompanied by increased phosphorylation of total β-catenin. The results of the present study suggest that one of the molecular mechanisms of the antitumor effects of esculetin may be through inhibition of the Wnt signaling pathway. Figure 4 . Esculetin induces the phosphorylation of β-catenin. SMMC-7721 cells were treated with 100 or 300 µmol/l esculetin or dimethyl sulfoxide vehicle for 24 h. Total protein was extracted for western blot analysis of β-catenin and p-β-catenin (Ser33/Ser37/Thr41), with β-actin as a loading control. p-β-catenin, phosphorylated β-catenin.
